automation and systems such as legged robots. In this paper, a sliding mode fuzzy force control algorithm is proposed for pneumatic cylinders.
The environment is assumed to be "soft" or compliant and modeled as a spring. Accurate position and trajectory control of pneumatic actuators and air motors has been achieved by means of advanced control techniques such as sliding mode control and adaptive control, e.g. [1]- [3] . These techniques are developed based on full-order model-based compensation for the nonlinear dynamics which includes the chamber pressure dynamics. The performance achieved is comparable to that of conventional electric actuators [4] . Interaction with an environment is involved in many industrial assembly and automation operations, as well as systems such as legged robots and object handling.
Thus, the control of the contact force exerted on the environment is a major task. There are basically two types of environment: one is 'hard" environment with infinite stiffness while the other is "soft" environment which undergoes deformation and can be modeled as spring, damper and mass system. The problem of force control has been extensively studied for electrically actuated mechanisms and manipulators as well as hydraulic actuators, e.g. [5] - [6] . However, limited research has been conducted for the case of force control of pneumatic actuators and pneumatic robots, e.g. [7] [8] [9] [10] . It has focused on linearized or nonlinear model-based force control and therefore is either limited in accuracy or complex to implement. Intelligent control methods, using fuzzy, neural nets, or genetic algorithms, are well-suited for force control of pneumatic actuators, since they are not model-based and the environment is often unknown. However, research on intelligent control of pneumatic cylinders has mainly been limited to position control, e.g., [11] - [12] . The authors have recently applied the sliding mode control (SMC) approach to pneumatic cylinders in contact with a "hard" environment, i.e., the environment with infinite stiffness [13] . The SMC has advantages of simplicity, high performance, and robustness to matched uncertainties. However, in the absence of good model-based compensation-which requires knowledge of high-order system dynamics-the technique requires large switching gains which may lead to chattering and excitation of unmodeled dynamics. The adaptation of the switching gains further requires knowledge of system dynamics [2] . In this paper, we consider the force tracking control problem for pneumatic cylinders in contact with a "soft" environment, which is modeled as a spring of finite stiffness. In order to avoid modeling the high-order dynamics of cylinder and valves for controller design, we focus on the fuzzy logic approach for tuning gains. As is well known, fuzzy logic controllers are effective intelligent controllers for various applications, e.g., [14] . Because fuzzy controllers are often designed based on intuitive standpoint, they are often more understandable. However, due to the linguistic expression of fuzzy controller, it is difficult to guarantee the stability of control systems. Nevertheless, by designing sliding mode type fuzzy logic controller, the performance and stability can be ensured and meanwhile the number of fuzzy rules can be reduced [15] . The proposed sliding mode fuzzy controller (SMFC) has the advantages of not requiring knowledge of the cylinder and valve dynamics, and ensures precise and robust performance in the presence of disturbances through adaptation of switching gains and parameters. Experimental results are presented for an industrial-type cylinder to illustrate the effectiveness of the proposed SMFC.
DYNAMICS OF CYLINDERICAL ACTUATORS
Consider the schematic shown in Fig.1 of a pneumatic cylinder in contact with a soft environment modeled as a spring. Proportional servovalves are used at the two chambers to precisely control the air flow. Further, the valve dynamics is usually quite fast compared to the piston and pressure dynamics, and so can be neglected. If the piston is in contact with the environment at x, the force on the environment can be modeled as a pure elastic restoring force as [5] (6) where K is the coefficient of stiffness, and the equilibrium point of contact xe is treated as constant for a stationary environment. Equations (2)- (6) can be combined to express the system dynamics in terms of the contact force F and its derivatives. Model-based feedback (and feedforward) control for force tracking can then be designed using explicit force measurements. The details of this procedure are omitted here due to lack of space. Note that the above dynamic equations are not used in the design of the SMFC. However, they can be used to obtain bounds on the switching gains and parameters of the controller as well as proof of stability. (7) where CT=(c 1) and C1 is a real constant.
DESIGN OF SLIDING MODE FUZZY FORCE CONTROLLER
Note that on the sliding surface, s(t)=0, which means that when the system state is on the sliding surface the system dynamics if of first order as
Cl fAFdr + AF=0
Therefore, by choosing C1>0, we can ensure that the reduced-order subsystem is stable on the sliding surface. Next, we choose the switching feedback gains to guarantee that the sliding surface is reached from anywhere in the state space. The sliding mode controller gains are obtained from the condition for reachability of the sliding surface:
We specify the control algorithm in the form [13] ( 9) and Ai is a scalar relay gain.
Fuzzy Gain-Tuning Consider the sliding surface and the sliding mode controller as defined by Eqs. (7), (9) . The control performance largely depends on the values of parameter cl and the feedback/relay gains. In order to avoid the problems of gain tuning with regular SMC, in this section we propose to use the Mamdani-type fuzzy logic controller (FLC) to adaptively tune these gains based on several sets of fuzzy rules. The structure of the proposed sliding mode force controller is shown in Fig. 2 . The general form for the j-th rule of a single-input, single-output Mamdani-type FLC is as follows: Rule Rj: IF z is Aj THEN y is Bj j =1,2,...,m where is the input variable to the controller, y is the output variable, and A and are the fuzzy sets for-and y respectively. Next, we fuzzify the normalized by means of predefined triangular membership function of the elements as in Fig. 3 . Finally, we use the correlation-minimum inference method to geometrically sum the consequences of the active associations and apply centroid defuzzification to find the crisp values of normalized y. Then, we denormalize it to obtain the actual output value. The resulting equations are given by Eqs. (10)-(12) . 
specific fuzzy rule. lie , is the overall output of the membership function of the specific input by taking the minimum value among different output membership values. Y is the actually output obtained by defuzzification.
The parameter c1 determines the slope of the sliding line and therefore, the larger it is the faster will the system response be. Therefore, based on this characteristic we set up the fuzzy rules as shown in Table 1 . The fuzzy logic tuning for the gains a,1 , a,2 and Ai is similar to that for c1 based on different inputs and fuzzy rules, e.g. Table 2 shows the rule base for tuning Table 1 Rule base for C1 Figure 5 shows the case of tracking a cycloid trajectory. While the trajectory tracking is accurate, there is a significant initial error due to static friction [17] . Figures 6 and 7 show the results of tracking low and high frequency sine wave reference trajectories without payload, respectively. It can be seen that the tracking performance is accurate and robust with reference to speed of reference trajectory. In order to investigate the robustness of the proposed sliding mode fuzzy controller, experiments with various payloads have been conducted. Figures 8 and 9 show the results of tracking low and high frequency sine wave with the payload of 3 kg. By comparing to Figure 6 and 7, the results show that the proposed controller provides a robust performance with different payload. However, there is significant error for each case due to the friction. The results presented here highlight the important role of cylinder and servovalve friction in limiting the accuracy of force tracking by pneumatic cylinders. This result is similar to earlier findings on effect of friction on cylinder position tracking [17] . Future research will focus on the friction learning and compensation to improve the controller's performance. The major advantage of SMFC is that instead of manually tuning gains as in PI and conventional sliding mode control, the fuzzy gain tuning makes use of heuristic fuzzy logic rule base to adapt the gains. This adaptation of gains also can be expected to result in significant energy efficient performance. 
